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ABSTRACT 

■'-W 

The  aliphatic  polyamides  Nylon-6  and  -6,6  have  been  cold  drawn  using 
the  new  concept  of  reversible  plasticization  HH^.  Two  aspects  were 
investigated:  The  effect  of  NH3  plasticization  on  the  stress-strain 
behavior  of  nylon  6,6  and  the  extent  of  NH^  absorption  studied  by  x-ray 
analysis  and  reported  for  the  structurally  simpler  nylon  6.  X-ray 
analysis  shows  that  ammonia  is  absorbed  preferentially  by  the  amorphous 
phase  and  that  the  plasticization  has  a  significant  effect  on  the  mode 
of  crystal  unit  cell  orientation,  the  small  angle  void  scattering  and 
the  interplanar  spacings  between  sheets  of  hydrogen  bonded  chains.  The 
effect  of  plasticization  was  documented  by  the  lower  yield  stress,  the 
higher  draw  ratio  (8x)  and  tensile  modulus  (10  GPa)  not  attainable  with 
unplasticized  specimens. 
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I NTRODUCT ION 


Recently  there  has  been  a  considerable  interest  in  the  development  of 
polymers  with  high  modulus  and  strength.  Crystalline  state  deformation  by 
the  techniques  of  extrusion  (1-3)  and  drawing  (4)  has  been  used  success¬ 
fully  to  obtain  such  highly  oriented  states.  In  the  case  of  high  density 
polyethylene,  morphologies  with  tensile  moduli  up  to  70  GPa  have  been 
produced  in  several  laboratories.  The  deformation  of  thermoplastics  with 
strong  intermolecular  bonds  is  of  particular  interest  because  polymers 
with  such  bonding  have  higher  crystalline  melting  points.  However,  their 
deformation  is  difficult  and  ordinarily  can  be  achieved  only  at  tempera¬ 
tures  approaching  the  polymer  melting  point. 

In  a  recent  study  we  investigated  the  reversible  plasticization  of 
nylons  6  and  11  with  anhydrous  ammonia  (5).  According  to  this  new  concept, 
ammonia  plasticizes  the  polymer  by  a  temporary  disruption  of  hydrogen 
bonding  interactions  between  adjacent  amidic  groups  in  the  chains.  In  the 
original  study  the  nylon  samples  were  exposed  to  anhydrous  ammonia  vapor 
and  subsequently  were  deformed  by  the  solid  (crystalline)  state  extrusion 
technique.  During  the  deformation  process,  the  ammonia  was  retained  in  the 
sample  by  compression  in  the  extruder  and  volatilized  from  the  sample 
after  exiting  the  die,  i.e.,  after  the  deformation  was  completed. 

Ammonia  neither  dissolves  nor  swells  polyamides  but  is  absorbed 

selectively  by  polyamides  to  an  extent  that  depends  on  a)  the  vapor  pressure 
of  the  ammonia  atmosphere,  b)  treatment  duration  depending  on  sample  thickness. 
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and  c)  the  number  of  hydrogen  bonds  in  the  polymer,  i.e.  the  polyamide 
number.  Thus,  for  nylons  6  and  11  the  amount  of  ammonia  absorbed  was  18% 
and  10%  of  the  weight  of  dry  samples,  respectively.  The  subject  of  this 
report  is  to  examine  the  effect  of  reversible  NH^  plasticization  on  the 
stress-strain  behavior  of  nylon  6,6  and  to  determine  by  x-ray  analysis 
the  extent  of  ammonia  absorption  and  its  effects  on  the  deformation 
morphology  of  the  structurally  more  simple  nylon  6.  The  x-ray  results 
of  nylon  6,6  are  not  included  since  nylon  6,6  behavior  is  comparable  to 
nylon  6. 


EXPERIMENTAL 


Nylon  6  and  6,6  (Mw=16,000)  samples  were  prepared  for  drawing  from 
commercial  grades.  Liquid  Nitrogen  Products  Company.  The  2  mm  thick  and 
-5  mm  wide  samples  were  exposed  to  anhydrous  NH^  at  ambient  temperature 
in  a  pressure  vessel  as  described  earlier  (5).  The  plasticized  films  were 
chilled  by  submerging  the  pressure  vessel  in  liquid  nitrogen  and  they 
were  removed  and  mounted  on  an  Instron  tensile  testing  instrument. 

Drawing  experiments  were  performed  isothermal ly  at  ambient  temperature  and 
at  a  rate  of  10  cm/min.  Based  on  previous  results,  the  amount  of 
absorbed  by  nylon  6  is  about  20  wt  %  and  the  rate  of  NH-  desorption  is 
low  at  room  temperature  for  2  mm  thick  samples.  Consequently,  the  amount 
of  NH^  that  desorbed  during  sample  handling  and  drawing  was  small  and 
does  not  significantly  affect  the  results.  Some  drawing  tests  at  elevated 
temperatures  were  performed  in  an  Instron  environmental  chamber.  To 
prevent  ammonia  desorption  from  the  sample  in  these  higher  temperature 
drawing  experiments,  the  samples  were  surrounded  with  surgical  rubber 
tubing  which  was  gripped  with  the  sample  in  the  clamps.  The  rubber  tube 
would  stretch  and  act  as  a  pressure  vessel  in  which  a  saturated  NH^  atmosphere 
could  be  maintained  during  the  short  duration  experiment.  The  stress-strain 
data  for  hot  drawing  were  corrected  for  gripping  and  stretching  the  surgical 
rubber  tubing  with  the  nylon. 

The  modulus  was  determined  at  room  temperature  using  a  strain  gauge 

-4  -1 

extensometer  at  a  strain  rate  of  8  x  10  sec  .  The  tensile  modulus 


was  determined  from  the  tangent  to  the  stress-strain  curve  at  0.1%  strain. 
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Thermal  analysis  of  the  samples  before  and  after  ammoniation  and 
deformation  was  performed  using  a  Perkin-Elmer  DSC  Model  IB  calibrated  by 
the  melt  transition  of  Indium  at  a  heating  rate  of  10°C/min.  The  fractional 
crystallinity  was  determined  from  transition  heats,  assuming  52.8  kj/kg 
for  nylon  crystals  (6). 

In  addition,  independent  shrinkage  tests  were  performed  with  drawn 
fibers  by  exposing  them  to  ammonia  under  a  vapor  pressure  of  10  MPa  at 
room  temperature  for  5  hours. 

Wide-  and  small-angle  x-ray  photographs  of  the  variously  treated  nylon 
6  samples  were  obtained  with  a  flat  plate  and  small  angle  camera,  respec¬ 
tively,  using  Ni-filtered  Cu-K(1  radiation.  All  other  diffraction  patterns 
were  recorded  by  transmission  techniques  with  Cu-Ka  radiation  monochromatized 
with  a  Ni-filter  and  a  pulse-height  discriminator  on  a  Rigaku  RD-3A  diffrac¬ 
tometer.  A  Rigaku  specimen  holder  which  allowed  the  sample  to  be  rotated 
around  two  independent  axes  was  used  for  measuring  the  orientation  relative 
to  the  drawing  direction  and  the  wide  surface  of  the  film  (reference  plane). 
Figure  1-a  shows  the  sample  rotation  used.  The  degree  of  chain  orientation 

along  the  draw  direction  was  evaluated  by  the  llermans-Stein  orientation 
function  calculated  from  the  azimuthal  scan  of  the  (0140)  reflection  which 
was  possible  to  measure  only  with  the  highly-oriented  specimens.  Orientation 
functions  were  also  determined  for  the  (200)  and  (002+202)  equatorial  reflec¬ 
tions  for  uniaxial ly  oriented  samples. 

Wide  angle  x-ray  photographs  of  nylon  6  samples  plasticized  with 
ammonia  were  taken  before  and  after  the  desorption  of  ammonia.  The  samples 


were  arnmoniated  either  by  submerging  and  keeping  them  in  liquid  NH^  at  -75°C 
for  100  hrs  or  by  exposing  them  to  a  saturated  NH^  atmosphere  at  21 °C  and 
9  Atm  for  50  hrs  in  a  pressure  vessel.  In  the  latter  experiments,  the 
samples  were  also  cooled  to  -75°C  on  removal  from  the  pressure  vessel. 

To  reduce  the  desorption  of  NH^  during  x-ray  exposure,  a  number  of  precautions 
were  taken.  The  diffraction  patterns  were  recorded  at  -70  j1°C,  i.e.,  just 
above  the  freezing  point  of  ammonia  (-77.7°C).  The  goniometer  head  was 
precooled  by  liquid  nitrogen  gas  flow  to  -70  <1°C  using  a  specially  designed 
apparatus.  The  arnmoniated  nylon  sample  was  transferred  to  the  goniometer 
head  in  less  than  10  seconds.  The  sample  was  allowed  to  equilibrate  at  -70°C 
for  3  minutes.  X-ray  was  irradiated  for  2.5  minutes  for  the  oriented  and 
3.5  minutes  for  the  unoriented  nylon  samples. 

The  following  conditions  were  used  to  reduce  x-ray  exposure  time; 
Ni-filtered  Cu-Ka  radiation  generated  at  40  KV  and  40  mA,  Kodak  no-screen 
type  film  with  a  high  sensitivity,  pinhole  collimator  with  <j>=1  mm  and  sample 
to  film  distance  of  5  cm.  After  taking  the  photograph  of  the  arnmoniated 
sample  at  -70°C,  the  temperature  of  the  sample  was  raised  to  room  temperature 
and  kept  for  4  hr  to  allow  ammonia  desorption.  Then  the  sample  was  cooled 
again  to  -70°C  and  an  x-ray  photograph  was  taken  under  the  same  conditions 
as  for  the  arnmoniated  sample.  In  all  measurements,  the  sample  size  was 
about  0.8  x  0.8  x  20  mm.  Silicon  powder  was  used  as  an  instrumental  calibra¬ 
tion  standard.  No  correction  for  Lorentz,  polarization,  and  absorption  was 
made,  because  the  quantities  measured  in  this  work  are  not  influenced  by  such 


a  correction. 
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RESULTS  AND  DISCUSSION 


Anhydrous  ammonia  has  been  shown  to  act  as  a  reversible  platicizer  for 
the  solid  state  deformation  of  aliphatic  polyamides.  In  the  present  study 
its  effectiveness  is  demonstrated  by  the  direct  comparison  of  the  stress- 
strain  behavior  of  a  plasticized  (ammoniated)  and  a  non-plasticized  dry 
sample  of  nylon  6,6  at  room  temperature  (Figure  2).  Firstly,  the  untreated 
sample  (A)  was  drawable  only  to  a  maximum  draw  ratio  of  4  before  tensile 
failure,  whereas  the  plasticized  samples  (B)  and  (C)  were  extendable  up  to 
a  draw  ratio  of  8.  The  draw  ratio  was  determined  from  the  ratio  of  the 
cross  section  areas  of  the  undrawn  to  the  drawn  specimen.  Secondly,  the 
yield  stress  was  reduced  significantly  as  the  amount  of  plasticizer  in  the 
sample  was  increased.  The  maximum  reduction  in  yield  stress,  45%,  was  obtained  by 
exposing  the  0.2  cm  thick  samples  to  ammonia  for  >12  hrs.  The  stress-strain 
behavior  of  a  plasticized  nylon  sample  was  comparable  to  the  behavior 
of  a  dry  and  untreated  sample  deformed  at  120°C. 

Strain  hardening  is  a  phenomenon  associated  with  the  solid  state  defor¬ 
mation  of  semicrystalline  polymers.  It  imposes  serious  limitations  to  the 
achievement  of  high  draw.  Perkins  (7)  reports  strain  hardening  at  an  early 
stage  in  the  solid  state  extrusion  as  the  reason  for  the  low  attainable  draw 
ratio  for  nylons  11  and  12.  Figure  2  indicates  that  NH^  plasticization  may 
extend  effectively  the  solid  state  deformation  well  in  to  the  strain  hardening 
region  of  the  unplasticized  nylon.  Figure  3  shows  the  effect  of  temperature 
on  strain  hardening  for  nylon  6,6  predrawn  to  ratio  7  which  were  treated 
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with  ammonia  prior  to  drawing  for  9  hrs.  Thus  by  combinations  of  drawing 
temperature  and  NH^  plasticization,  the  limitation  of  strain  hardening  can 
be  largely  overcome. 

The  effect  of  NH^  plasticization  on  the  modulus  was  also  examined  by 
ammoniating  a  nylon  6,6  film  of  draw  ratio  8  and  measuring  the  modulus  as  a  functi 
of  time  during  the  ammonia  desorption.  The  variation  in  tensile  modulus 
with  time  is  shown  in  Figure  4.  The  modulus  increased  by  45%  as  ammonia 
was  completley  desorbed  from  the  specimen  after  4  hrs. 

Thermal  analysis  shows  that  the  original  and  a  plasticized 
sample  with  ammonia  at  room  temperature  have  the  same  peak  melting  point 
at  265°C.  The  plasticized  sample  has  a  higher  crystallinity,  12%,  (see 
Table  1)  suggesting  that  ammonia  facilitates  molecular  motion  and  reorgani¬ 
zation.  The  thermogram  differs  for  a  cold  and  a  hot  drawn  (120°C)  sample 
to  DR=4.  The  cold  drawn  sample  has  a  higher  crystallinity  (7%)  and  a 
melting  peak  at  265°C  with  a  shoulder  at  267. 5°C  whereas  the  hot  drawn 
sample  has  only  one  melting  peak  at  262°C.  The  thermograms  of  a  plasticized 
cold  drawn  and  a  sample  hot  drawn  at  120°C  are  similar.  However,  the  crystal¬ 
linity  of  the  former  (43.8%)  is  substantial ly  higher  than  the  hot  drawn 
sample.  X-ray  diffraction  patterns  for  ammoniated  undrawn  and  drawn  samples 
before  ammoniation  and  after  the  NH^  was  desorbed  from  the  samples  are  shown 
in  Figures  5  and  6.  An  examination  indicated  that  there  is  no  detectable 
difference  in  the  relative  intensity  of  each  reflection  between  the  ammoniated 
and  desorbed  samples.  The  d-spacings  of  (200)  and  (002+202)  planes  also 
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showed  no  meaningful  change  by  ammoniation  of  both  the  unoriented  and  the 

o 

oriented  samples  within  a  large  experimental  error,  *0.10  A. 

Figure  7  shows  wide  and  small  angle  x-ray  diffraction  patterns  of 
nylon  6  drawn  under  different  conditions;  (a)  and  (b),  untreated  and  drawn 
at  room  temperature;  (c),  untreated  and  drawn  at  120°C;  and  (d),  plasticized 
with  ammonia  and  drawn  at  room  temperature.  The  wide  angle  photographs 
show  high  chain  orientation  for  all  samples.  The  two  limiting  stable 
crystal  structures  of  nylon  6  are  the  a- form  (monoclinic)  with  hydrogen 
bonds  between  anti-parallel  chains  and  the  y-form  (hexagonal)  with  hydrogen 
bonds  between  parallel  chains  (8,9).  The  a- form  gives  two  strong  equato¬ 
rial  reflections  from  (200)  and  (002+202)  planes,  while  the  y-form  is  often 
characterized  by  a  single  strong  equatorial  reflection  and  a  strong  meridional 
(002)  reflection.  Although  the  diffraction  patterns  in  Figure  7  exhibit 
streaks  along  the  layer  lines  except  on  the  equator  suggesting  the  existence 
of  crystal  disorder  along  the  chain  direction,  the  a-modification  is  predom¬ 
inant  for  each  sample  in  the  sense  of  the  above  definition.  However, 

Parker  and  lindenmeyer  (10)  report  that  the  above  criteria  for  the  a-  and 

o 

y  -structure  are  not  enough.  They  state  that  a  fiber  period  >17  A  is  possible 
only  for  a  crystal  with  hydrogen  bonds  between  antiparallel  chains  (a- form), 
whereas  bondings  between  parallel  chains  (y-form)  require  the  fiber  period 
<16.8  A. 

The  mode  of  hydrogen  bond  formation  may  be  important  in  understanding 
the  morphology  of  drawn  nylon  6.  Kaji  and  Sakurada  (11)  showed  that  an 
accurate  value  for  the  fiber  period  of  nylon  6  a- form  can  be  obtained  only 
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from  the  measurement  of  the  (0140)  reflection,  when  the  crystallite  size 
along  the  fiber  axis  is  small.  It  is  estimated  that  the  number  of  repeat 
unit  contained  in  the  stem  of  a  crystallite  in  the  drawn  samples  is  about 

o 

3,  on  the  basis  of  the  long  period  ('80  A),  crystallinity  (~60X),  and  the 

o 

fiber  period  (~17  A).  Thus,  meridional  scans  were  made  around  the  (0140) 
region  to  determine  the  fiber  period,  and  are  shown  in  Figure  8  and  Table  II. 
Although  the  (0140)  profiles  have  a  tail  at  higher  angles  suggesting  the  co¬ 
existence  of  a  small  amount  of  >-form,  nevertheless,  the  patterns  and  fiber 
period  confirm  that  the  major  crystal  structure  is  the  a-form  with  hydrogen 
bondings  between  antiparallel  chains.  This  bonding  may  be  easily  formed 
for  a  folded-chain  crystal  morphology  where  a  long  chain  molecule  folds  back 
and  forth.  However,  for  a  crystallite  with  chain  extended  conformation,  a 
large  number  of  hydrogen  bondings  may  be  formed  between  parallel  chains 

o 

resulting  in  a  fiber  period  <16.8  A. 

The  wide  angle  x-ray  fiber  patterns  recorded  with  incident  beam  parallel 
and  perpendicular  to  the  wide  surface  of  drawn  films  were  the  same  for  both 
ammoniated  and  drawn  samples  at  room  temperature,  and  untreated  and  drawn 
samples  at  120°C.  However, for  the  film  drawn  at  room  temperature  without 
ammoniating,  the  intensity  of  inner  equatorial  reflection  (200)  is  stronger 
than  that  of  the  outer  reflection  (002+202)  on  the  photograph  taken  with  the 
beam  perpendicular  to  the  drawn  film  surface  (Figure  7a).  In  contrast,  the 
photograph  obtained  with  the  incident  beam  parallel  to  the  film  surface  shows 
a  reverse  intensity  distribution  (Figure  7b).  To  analyze  the  specific 
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orientations  suggested  by  the  fiber  patterns,  diffractometer  scans  were  made 
for  (200)  and  (002+202)  reflections  by  rotating  the  sample  around  the  fiber 
axis  (Figure  la).  The  intensity  data  were  plotted  in  Figure  9  as  a  function 
of  an  angle  w  which  was  defined  as  the  angle  between  the  normals  to  the  film 
surface  and  to  the  reflecting  plane  (Figure  lb).  The  observed  intensity  at 
an  angle  w  is  proportional  to  the  number  of  the  reflecting  planes  oriented 
as  in  Figure  lb.  The  two  samples,  ammoniated  and  drawn  at  room  temperature, 
and  untreated  and  drawn  at  120°C,  show  no  appreciable  intensity  variation 
with  the  angle  w  for  both  (200)  and  (002+202)  planes.  In  contrast,  the 
sample  drawn  at  room  temperature  without  ammoniation,  exhibited  a  specific 
orientation.  The  (200)  and  (002+202)  reflections  have  intensity  maxima  at 
w=0°  and  67.5°,  respecti vely.  The  characteristic  orientations  deduced  from 
Figure  9  are  schematically  drawn  in  Figure  10.  Figure  10a  shows  the  uniaxial 
orientation  of  the  former  two  samples,  where  the  b-axis  (chain  direction) 
orients  parallel  to  draw,  and  the  a-  and  c-axes  orient  perpendicular  to  draw 
with  no  preferential  orientation  around  the  draw  direction.  Figure  10b  illus¬ 
trates  the  biaxial  orientation  characteristic  for  the  film  drawn  at  room 
temperature  without  ammoniation,  where  the  b-axis  orients  along  the  draw 
direction,  c-axis  perpendicular  to  the  wide  surface,  and  a-axis  at  an  angle 
of  67.5°  from  the  normal  to  the  wide  surface  of  the  film.  These  results 
show  that  the  ammonia  sorbed  by  nylon  films  has  a  similar  effect  on  drawing 
as  to  increasing  the  temperature  of  drawing. 

The  chain  orientation  along  the  draw  direction  was  directly  evaluated 
by  the  orientation  function,  fg-^g,  calculated  from  the  azimuthal  scan  of 


i 
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the  (0140)  reflection.  The  results  are  listed  in  Table  II  as  well  as  the 
orientation  functions  determined  from  the  two  equatorial  reflections  of  the 
(200)  and  (002+202)  planes  for  uniaxial  orientation.  Independent  of  drawing 
condition  and  in  orientation  of  a-  and  c-axis,  all  samples  showed  a  similar 
degree  of  orientation. 

It  is  well  known  that  nylon  6  can  exist  in  several  crystal  forms  that 
may  vary  continuously  in  crystal  perfection,  size,  and  unit  cell  parameters  (12). 
As  a  measure  of  the  lateral  molecular  packing,  the  d-spacings  of  (200)  and 
(002+202)  planes  were  carefully  measured  by  diffractometer  scan,  as  shown 

o 

in  Table  I.  The  errors  are  estimated  to  be  <*0.01  A.  The  d^OO)’  the  distance 
between  hydrogen- bonded  chains,  was  not  affected  by  sample  treatment,  being 
4.38  A  for  all  samples.  However,  the  d^002j.  the  distance  between  sheets 

O 

of  hydrogen-bonded  chains,  varied  from  3.73  A  for  original  undrawn  film  to 

O 

3.85  A  for  the  film  drawn  at  room  temperature  without  amnion i a ti on.  It  was 
also  noticed  that  the  ammoniated  and  cold-drawn  or  coextruded  films  have  a 
shorter  (002+202)  spacing  than  the  films  drawn  without  ammoniation.  The 
expansion  of  the  spacing  may  be  related  to  different  crystal  disorders.  The 
increase  of  chain  mobility  by  sorption  of  ammonia  may  help  to  reduce  incor¬ 
poration  of  crystal  defects  during  drawing. 

Small  angle  x-ray  photographs  of  drawn  nylon  6  are  shown  in  Figure  7. 

All  the  samples  gave  meridional  scatterings  elongated  perpendicular  to  the 
draw  axis.  The  long  periods  in  Table  II  were  calculated  by  applying  Bragg’s 
law  to  the  scattering  angle  measured  along  the  meridional  direction  (draw  axis). 
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The  long  period  decreased  by  drawing  from  95  A  for  the  original  to  -80  A  for 
all  drawn  samples.  A  remarkable  influence  of  drawing  conditions  was  found 
in  void  scatterings  centered  around  the  direct  beam  and  extended  along  the 
equator.  The  film  drawn  at  room  temperature  without  ammoniation  gave 
commonly  strong  void  scatterings,  although  the  intensity  varied  from  a  part 
to  part  of  the  same  sample  (Figure  8a).  The  scatterings  decreased  for 
drawing  of  ammoniated  film  (Figure  8d)  or  drawing  at  higher  temperature 
(Figure  8c). 

It  has  been  reported  (5)  that  drawing  of  plasticized  nylon  samples 
with  NH^  may  result  in  morphologies  with  an  increased  maximum  attainable 
draw  ratio,  crystallinity  and  modulus,  and  high  total  birefringence.  In 
the  present  x-ray  study,  it  is  also  found  that  ammoniation  of  nylon  prior 
to  drawing  indeed  has  important  influences  on  cold-drawing  and  the  resultant 
morphology;  i.e.,  unit  cell  orientation,  crystal  perfection,  and  interfib- 
rillar  void.  X-ray  analysis  with  oriented  and  unoriented  samples  showed 
that  under  the  conditions  of  ammoniation  in  this  study,  ammonia  is  absorbed 
selectively  only  by  the  amorphous  phase,  whereas  the  crystalline  phase  remains 
unplasticized.  The  preferential  ammonia  absorption  by  the  amorphous  phase 
results  in  a  more  deformable  structure  as  is  indicated  by  the  higher 

attainable  draw  ratio.  Thus,  the  plasticization  had  remarkable  effects  on 
drawing  of  nylons.  Nevertheless,  the  resultant  x-ray  small-angle  long  period 
and  the  degree  of  chain  orientation  were  not  affected.  These  facts  suggest 
that  the  plasticization  does  not  appreciably  facilitate  the  destruction  and 
reorganization  of  the  initial  crystalline  lamellae  but  it  facilitates  the 
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deformation  by  intercrystallite  shear  slip  or  flow  which  proceeds  primarily 
at  the  amorphous  regions.  A  larger  deformation  may  induce  a  greater  amorphous 
chain  orientation  which  induces  further  crystallization,  as  suggested  by  the 
larger  increase  in  crystallinity  (Table  I).  Such  a  deformation  induced 
crystallization  may  also  produce  crystallite  bridges  which  connect  longitudinally 
the  crystal  blocks  within  a  fibril  resulting  in  a  morphology  showing  a  higher 
tensile  modulus  along  the  draw  direction.  The  modulus  achieved  is  still  far 
from  the  theoretical  value  which  may  be  reached  by  involving  a  massive  crystal¬ 
line  deformation.  There  is  a  slow  NH^  desorption  after  the  deformation  which 
allows  significant  molecular  reorganization.  This  is  in  accordance  with 
shrinkage  tests  in  which  drawn  samples  of  draw  ratio  4  were  exposed  to  NH^  for 
4-5  hrs.  and  shrunk  by  6%  similarly  to  wet  shrinkage  tests  with  boiling  water  (13). 
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CONCLUSIQNS 

We  have  investigated  with  two  representative  aliphatic  polyamides 
(nylon  6  and  6,6)  the  effect  of  ammonia  absorption  on  morphology  and  drawing. 
X-ray  analysis  was  conducted  with  the  structurally  simpler  nylon  6.  The 
x-rays  of  ammoniated  nylon  6  films  at  low  temperature  before  and  after  de¬ 
sorption  of  ammonia  suggested  that  ammonia  does  not  go  into  crystalline 
regions  and  preferentially  sorbed  in  amorphous  regions.  The  plasticization 
with  ammonia  prior  to  drawing  had  significant  influence  on  the  mode 
of  unit  cell  orientation  relative  to  the  wide  surface  of  drawn  films, 
small  angle  void  scatterings, and  interplanar  spacings  between  sheets  of 
hydrogen-bonded  chains.  Under  the  present  experimental  conditions  there 
is  no  appreciable  effect  on  the  resultant  degree  of  chain  oriefB^ation  and 
long  period  along  the  draw  direction.  The  effect  of  plasticization  was 
documented  with  nylon  6,6  by  a)  the  ease  of  cold  draw  to  a  ratio  of  8,  not 
attainable  with  unplasticized  specimens,  b)  the  lowering  of  yield  stress 
by  45%,  and  c)  lowering  tensile  modulus  by  -30%. 
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TABLE  I 


Thermal  Characteristics  of  Nylon  6,6 


Sample _ _ _ Crystallinity  ( 1 ) _ Melting  Peaks  (°C) 

Original,  24.8  265 

undrawn 

Original,  treated  27.3  265 

with  NH3,  undrawn 
and  removed 

Untreated,  drawn  39.2  265,  267.5 

at  room  temp. 

Untreated  36.7  262 

drawn  at  120°C 


Treated  with  NH3, 
drawn  at  room  temp. 


43.8 


262 


♦Estimated  errors  are  ±0.01  or  ±0.005  A  for  d(200)  3,1(1  ^(002+202)*  1 0*002  A  for  d(Qi40)»  and  +0.03  A  for 
fiber  period. 
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FIGURE  CAPTIONS 

Figure  1:  The  sample  rotations  on  the  fiber  specimen  holder  (a),  and 

angle  u>  definition  used  to  describe  the  orientation  of  a-  and 
b-axes . 

Figure  2:  Stress-strain  behavior  of  nylon  6,6  nonplasticized  (A)  and 

plasticized  with  NH^  for  9  hours  (B)  and  17  hours  (C). 

Figure  3  Effect  of  temperature  on  the  strain  hardening  region  for  pre¬ 
drawn  ammonia  plasticized  nylon  6,6  films  of  DR=4. 

Figure  £•:  Effect  on  modulus  of  ammonia  plasticization  on  drawn  nylon 

6,6  to  DR=8. 

Figure  5:  Wide  angle  x-ray  photographs  of  the  undrawn  ammoniated  film 

recorded  at  -70 ’C:  (a),  before  desorption  and  (b),  after 

desorption  of  ammonia. 

Figure  6:  Wide  angle  x-ray  fiber  patterns  of  the  drawn  and  then  ammoniated 

film  recorded  at  -7o’C:  (a)  before  treatment  with  ammonia, 

a  photo  taken  at  room  temperature,  (b)  ammoniated,  and  (c)  after 
desorption  of  ammonia. 

Figure  7:  Wide  angle  (top)  and  small  angle  (bottom)  x-ray  photographs  of 

nylon  6  films  drawn  under  various  conditions:  (a)  drawn  at 
room  temperature  without  ammoniating,  the  incident  x-ray  beam 
is  perpendicular  to  the  wide  surface  of  the  drawn  film,  (b)  the 
sample  as  (a)  but  the  incident  beam  is  parallel  to  the  wide 
surface,  (c)  a  film  drawn  at  120°C  without  ammoniating,  and 
(d)  a  film  prepared  by  plasticizing  with  ammonia  prior  to  drawing 
at  room  temperature. 


Figure  8: 


Figure  9: 


Figure  10: 
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X-ray  diffractometer  scans  of  the  (0140)  region:  (a)  drawn  at 
room  temperature  without  ammoniation,  (b)  ammoniated  and  drawn 
at  room  temperature,  and  (c)  drawn  at  120°C  without  ammoniating. 
Intensities  of  (200)  and  (002+202)  reflections  plotted  as  a  function 
of  an  angle w  which  is  defined  in  Figure  lb.  The  (200)  and 
(002+202)  are  represented  by  •  and  o  for  the  film  drawn  at  room 
temperature  without  ammoniation,  A  and  A  for  the  film  drawn  at 
1 20°C  without  ammoniating,  and  ■  and  a  for  the  film  ammoniated 
and  drown  at  room  temperature. 

Schematic  drawings  of  the  orientation  of  the  unit  cell  axes  in  the 
drawn  films,  (a)  the  uniaxial  orientation  observed  in  the  samples 
drawn  at  120°C  and  ammoniated  prior  to  drawing  at  room  temperature, 
and  (b)  the  biaxial  orientation  observed  in  the  sample  drawn  at 
room  temperature  without  ammoniating. 
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